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Introduction
Corrosion of reinforcing steel is the most significant structural deficiency in aging bridges located in chloride laden environment. Many of these bridges are also located in regions with high seismic activities. These structures experience dynamic/cyclic loading due to earthquake over their service life. Furthermore, the current design approach allows reinforced concrete 1 (RC) structures dissipate energy during large earthquake events by occurring plastic hinges in beams and columns. The inelastic cyclic deformation in plastic hinge regions during large earthquakes results in a significant tension and compression strain reversals. Among RC components, bridges piers are the most vulnerable components in earthquake due to the simple structural system of bridges. Moreover, there is a large number of existing bridges around the world that were designed prior to the modern seismic design codes and therefore they are not properly detailed for seismic loading. These aging structures are also suffering from long-term material deterioration.
One of the most common type of failure modes of RC bridge piers that has been observed in real earthquakes and experimental testing is the buckling of vertical reinforcement which is then followed by fracture of reinforcement in tension due to low-cycle high amplitude fatigue failure [1, 2] . Meda et al., Ou et al. and Ma et al. [3] [4] [5] have investigated the effect of corrosion on the nonlinear response of RC beams and columns subject to cyclic loading experimentally. The results from these experimental studies show that non-uniform pitting corrosion affects the global response of corroded RC elements subject to cyclic loading. This is mainly due to the influence of corrosion on premature buckling and low-cycle fatigue life of corroded bars.
The low-cycle fatigue life of uncorroded reinforcing bars without the effect of buckling has been studied by other researchers [6] [7] [8] [9] [10] . Kashani et al. [11] studied the effect of inelastic buckling on low-cycle fatigue life of uncorroded reinforcing bars experimentally. [12] and [13] investigated the effect of corrosion on low-cycle fatigue life of reinforcing bars without the effect of buckling. More recently, Kashani et al. [14, 15] investigated the impact of corrosion on inelastic buckling and nonlinear cyclic response of reinforcing bars experimentally. Kashani [16] [17] [18] studied the impact of corrosion pattern on inelastic buckling and cyclic response of reinforcing bars using a detailed nonlinear finite element analysis. The results of previous research other researchers [15] [16] [17] [18] [19] [20] show that the combined effect of corrosion and inelastic buckling has a significant impact on premature fracture of reinforcing bars under cyclic loading. However, there has not been any experimental testing to explore and quantify the combined effect of corrosion and inelastic buckling on low-cycle fatigue degradation of reinforcing bars. This paper explores the combined effect of corrosion damage and inelastic buckling on lowcycle fatigue life of reinforcing bars experimentally. The effect of buckling and corrosion on the total hysteretic energy dissipation capacity and the number of cycles to failure are investigated. Using scanning electron microscope the fractography of fracture surfaces is studied. The experimental results show that the low-cycle fatigue life of corroded reinforcing bars with the effect of inelastic buckling is greatly influenced by loading history and therefore, has a significant path dependency. Finally, a comparison between the result of this experiment and the experimental results observed by other researchers where buckling was not included is made. The comparison of result shows that the path dependency is less significant in corroded bars where buckling is not an issue. The results of this experiment suggests that there is need for further experimental studies to investigate the impact of loading history on low-cycle fatigue life of corroded bars with the effect of inelastic buckling.
However, given the significant paucity in the literature and the complexity of problem, the experimental results reported in this paper provide an insight into this important problem and creates an opportunity for other researchers to take this further in the future research.
Experimental programme

Specimen preparation and corrosion procedure
In order to realistically simulate the corrosion of steel reinforcement embedded in concrete a total of four reinforced concrete specimens were cast. Each specimen dimensioned 250×250×700mm incorporated 12 number 12mm diameter B500 British manufactured reinforcing bars [21] as shown in Fig. 1 . The concrete mix was designed to have a mean compressive strength of 30MPa at 28 days with a maximum aggregate size of 12mm. The specimens were cast with a nominal cover of 25mm.
Fig. 1. RC specimens prepared for the accelerated corrosion of reinforcement bars
An accelerated corrosion procedure was used to simulate long term corrosion. The concept of using external currents is simple and consists of forming an electrochemical circuit using an external power supply. The reinforcing bars act as the anode in the cell and an external material acts as the cathode as shown in Fig. 2(a) . An example of corroded specimen after accelerated corrosion procedure is shown in Fig. 2(b) .
The time required to get the desired corrosion level was estimated using Faraday's 2nd Law of Electrolysis. After corrosion simulation, the concrete specimens (shown in Fig. 2 ) were broken open and the corroded bars were carefully removed from the concrete. To ensure that the concrete was completely removed from the corroded bars, a mechanical cleaning process using a bristle brush was used, in accordance with ASTM G1-03 [22] . The corroded bars were then washed with tap water and dried. The brushing and washing process was then repeated a second time. An example of corroded reinforcement after cleaning process is shown in Fig. 3 . It should be noted that the same brushing process was applied to the 250 250 700 12B12 uncorroded control specimens and it was found that the effect of brushing on the mass loss of base material is negligible. 
where D 0 is the initial diameter of the uncorroded bar and γ is the mass loss ratio based on Eq.
(2):
where m 0 is the mass per unit length of the original steel bar, m the final mass per unit length of the steel bar after removal of the corrosion products. A more detailed discussion of the accelerated corrosion procedure, mechanical properties of tested reinforcement and the influence of corrosion on mechanical properties of corroded bars can be found in Kashani et al. [14] .
Low-cycle high amplitude fatigue test
A total of forty eight low-cycle fatigue tests are conducted on corroded reinforcing bars with different buckling lengths and strain amplitudes. It is well known that the buckling length of the vertical reinforcing bars inside RC columns is a function of the stiffness of horizontal tie reinforcement [16] . Therefore, slenderness ratios for the experiment are chosen based on the common observed buckling modes of vertical reinforcement in RC columns as report in [16] . protocol with zero mean strain using a sine wave loading pattern with constant amplitude is used in the low-cycle fatigue tests. The strain rate is set to 0.005strain/sec throughout the experiment. The total strain amplitudes used in the low-cycle fatigue tests are 1%, 2%, 3%, 4% and 5%. A picture of a test specimen placed in the universal testing machine is shown in Fig. 4 . It should be noted that the failure of the specimen is taken to be the point at which the bar is completely fractured. tested at 1% and 4% strain amplitude shows that fracture mechanism of these bars are different due to the second order effect after buckling. This is because the strain amplitude across the critical cross section of bars subject to 1% strain amplitude fatigue test is almost uniform. However, in 4% strain amplitude fatigue tests the strain amplitude at the inner face of buckled bars is greater than the outer face. This is due to the second order effect (axial plus bending strain) which is very sensitive to the lateral deformation in post-buckling region.
Therefore, the low-cycle fatigue degradation of reinforcing bars is significantly affected by inelastic buckling. 
Impact of corrosion on hysteretic energy dissipation
The total dissipated energy to failure is one of the important low-cycle fatigue parameter that needs to be evaluated. This is a good representation of the energy storage capacity of the material during seismic event. The total hysteretic energy loss of the test specimens (Eʹ t ) is calculated as sum of the area confined within the hysteretic loops using Green's theorem. The calculated dissipated energy of each corroded test specimen is normalised to its corresponding uncorroded test specimen (E t ). Fig. 7 shows the impact of corrosion on normalised dissipated energy of corroded test specimens.
Earlier research by Kashani et al. [11] showed that inelastic buckling has a significant impact of hysteretic energy dissipation of the reinforcing bars in incrementally increasing strain amplitude. However, Fig. 7 shows that corrosion has a more significant impact on energy dissipation capacity of bars with L/D = 5. Fig. 7 suggests that increasing the L/D ratio of test specimens reduces the impact of corrosion on energy dissipation capacity of corroded bars under constant amplitude fatigue test.
Fig. 7 also shows a big scatter in the experimental data. This is due to highly complex random nature of corrosion phenomenon. Previous research [14, 15, 18] showed that the distribution of nonuniform pitting corrosion along the length of bars is the most important parameter affecting the nonlinear cyclic response of these bars. The distribution of pits also affects the buckling mechanism of corroded bars. Therefore, the energy dissipation capacity of corroded bars with highly localised pitting corrosion is significantly less than a corroded bar with the uniform corrosion. It should be noted that the cyclic loading protocol used in [15] was a two cycle reversed symmetrical incrementally increasing strain amplitude history.
This suggests that there is a path dependency in the cyclic/fatigue behaviour of corroded bars with the effect of buckling. This path dependency also affects the number of cycles to failure in corroded bars with the effect of buckling which is discussed in sections 3.3 of this paper. The low-cycle fatigue life of reinforcing bars without the effect of buckling has been studied by several researchers [6] [7] [8] [9] [10] . The Coffin-Manson [23] model is one of the most popular methods among researchers as they are easy to be used implemented in nonlinear material models [24] of finite element packages for seismic analysis of civil engineering structures such as OpenSees [25] . ( )
where, εʹ f is the ductility coefficient i.e. the plastic fracture strain for a single load reversal, c is the ductility exponent and 2N f is the number of half-cycles (load reversals) to failure. This section investigates the influence of corrosion on the number of half-cycles to failure (2N f ).
As expected, the degree of corrosion damage has a significant impact on the number of halfcycles to failure. The number of half-cycles to failure for each corroded specimen (2Nʹ f ) is normalised to their corresponding uncorroded specimen (2N f ) and plotted versus percentage mass loss in Fig. 8 . The detailed results are also tabulated in Appendix A of this paper. It should be noted that the results plotted in Fig. 8 are for all range of strain amplitudes.
The best linear fit to the experimental data in Fig. 8 shows to failure is increased. This is because corrosion reduced the diameter of reinforcing bars and therefore it affects the force displacement response. However, this indicates that the number of cycles to failure is significantly affected by the second order effect due to buckling (total strain = axial strain + bending strain). Furthermore, the 95% prediction bounds of the best linear fit shows that there is a big variation in the data which is due to the distribution of pitting corrosion along the length of corroded bars.
Earlier research by Kashani et al. [11] showed that the bar diameter and surface condition (ribbed or smooth) has a significant influence on the number of half-cycles to failure. They observed that as the bar diameter increases the number of half-cycles to failure decreases.
Moreover, in ribbed bars the fatigue crack initiation starts at the root of the ribs due to stress concentration. As a result, the smooth bars experienced higher number of half-cycles to failure compare to ribbed bars. Therefore, if the corrosion is uniform along the length of corroded bars it is reducing the diameter and smoothing the surface of bars by removing the ribs. Further investigation and discussion about this phenomenon are available in sections 3.4 and 4 of this paper.
Other researchers [12, 13] who conducted low-cycle fatigue tests on corroded bars found that the corrosion has more significant effect on the reduction of number of half-cycles to failure at low strain amplitude. In this experiment, similar results observed for the group of bars with L/D = 5 ( Fig. 9(a) ). However, it was found that in the group of bars with L/D = 10 and 15 the number of half-cycles to failure is generally increased by increasing the percentage mass loss and strain amplitudes ( Fig. 9(b) and (c) ). The detailed discussion and comparison of the results of this study with [12] and [13] are available in section 5 of this paper. pitting corrosion along the length of the bars. Therefore, the inner face of the buckled bar has much bigger strain amplitude than the outer face due to the combined axial plus bending strain. However, given the fatigue test is constant amplitude the outer face of the buckled bar experiences a residual plastic deformation after buckling. This is because when the bar is unload from compression and reload to tension to the same strain amplitude as the previous cycle the buckled bar doesn't completely straighten (Fig. 11(b) and (c) ). In other words the change in the range of strain amplitude in the outer face of the buckled bar is significantly less than the inner face. In this situation if the corroded bar has a localised pitting corrosion at this location, it fractures quickly after crack propagation from inner to outer face. However, if the corroded bar has a uniform corrosion, the fracture is similar to a bar with smaller diameter and smooth surface (without ribs) which is more ductile than the ribbed bars. This can be seen in Fig 12(e) and (f) . Fig. 12(e) shows that after crack propagation there is a very dark area of striation towards the outer face of buckled bars. Comparing the failure modes of this experiment with earlier research by Kashani et al. [15] suggests that the failure mode of the corroded bars with effect of inelastic buckling under cyclic loading has a significant path dependency. This is an important finding which is out of the scope of this paper and is an area for future research. 
Critical review and comparison of the observed results with previous experimental studies
Apostolopoulos [12] conducted low-cycle fatigue experiment on corroded reinforcing bars at 1%, 2.5% and 4% strain amplitudes. The test specimens had L/D = 6 and percentage mass losses ranged from 1% to 10%. The salt spray method was employed to accelerate the corrosion in the laboratory. Hawileh et al. [13] conducted low-cycle fatigue test on corroded reinforcing bars at 4%, 5%, and 6% strain amplitudes. In this experiment the specimens had L/D = 2 and percentage mass losses from 9% to 20%. The corrosion procedure was accelerated using 10% strong solution of sulfuric and nitric acids.
The test specimens in both of these experiments [12, 13] were not corroded inside concrete.
Therefore, the comparison of results shows that the scatter in the observed data in both of these experiments is less than the results observed in this paper. Comparing the results of [12] and [13] shows that there is a slight scatter in the data reported in [13] which specimens had higher percentage mass losses and fatigue test had bigger strain amplitudes. Fig. 13(a) and (b) shows the comparison of the best fit of all three experiments individually. It should be noted that only the results of the group of bars with L/D = 5 of this paper that didn't experience any significant buckling are compared with [12] and [13] . The best fit of three experiments are shown in Fig. 13 individually. The parameters that are compared are normalised total dissipated energy and the normalised number of half-cycles to failure. Fig 13(a) and (b) shows that the corrosion has more significant impact at lower mass loss ratios. Fig. 13(c) and (d) shows the best of the combined observed data of all three experiment together. This suggests that as the percentage mass loss increases the scatter of data also increases.
Therefore, as expected, the method of accelerated corrosion procedure and percentage mass loss have significant influence on the results. This finding is in a good agreement with the results obtained by [26] . Therefore, there is a need for further experimental studies to investigate the various parameters affecting the low-cycle fatigue life of corroded bars. The uncorroded bars with L/D = 5 had a symmetrical stress-stress response in tension and compression. However, corrosion changes the effective slenderness ratio of these bars. Therefore, the cyclic response of these bars is affected due to the inelastic buckling.
2) The experimental results show that corrosion has a more significant impact on loss of 4) The SEM results reveal that corrosion results in creation of a layer around the corded bars with significant porosity. These is need for further research to explore the influence of mass loss ratio and the accelerated corrosion technique on this porosity.
5)
In several cases corrosion resulted in an increase in the number of half-cycles to failure.
However, the same test specimens experienced a significant loss in the total energy dissipation capacity. This is due to the volumetric mass loss and reduction in confined area of hysteretic loops (stress-strain loops). This is an important parameter for corroded structures located in seismic regions as they won't have enough energy dissipation capacity to withstand large earthquakes.
6) It is found that the fatigue behaviour of corroded bars with the effect of inelastic buckling has a significant path dependency. The results obtained in this paper are valid for low-cycle fatigue tests with constant symmetric strain amplitude. Therefore, there is need for further experimental study on corroded bars with the effect of inelastic buckling and different strain histories.
7) The experimental results reported in this paper show a significant scatter in the data compare to other experiments where test specimens were not corroded inside concrete.
The comparison of the results suggests that accelerated corrosion technique, strain amplitude, load history and inelastic buckling are the most important parameters that affect the fatigue behaviour of corroded bars. To this end, there is need for further experimental testing to investigate these parameters. Nevertheless, the results reported in this paper provide an insight into this complex problem and provides a good set of experimental dataset to other researchers to use in the future research. 
Appendix A. Low-cycle fatigue test results
